properties. The model assumes that the principal route for the formation of charge carriers is via singlet excitons diffusing to the merocyanineTi0 2 interface followed by dissociation of the excitons into electron-hole pairs, the electrons being injected into the Ti0 2 conduction band and the hoJes into the merocyanine. The model also incorporates field dependence of the quantum efficiency for charge generation. An exciton diffusion o length of 7S A was determined by analyzing the short circuit action spectra using the theoretical model developed. The low fill factor of 0.35 for these cells was attributed to the field dependence of the quantum efficiency and the high series resistance of the undoped merocyanine films. Doping the merocyanine films with iodine was found to increase both the dark conductivity and the steady -state photoconductivity, the latter by as much as a factor of five. This resulted in a quantum yield of 12% o for a 500 A thick film and an increase in the fill factor to 0.44 giving a monochromatic power conversion efficiency of 0.4% at 520 nm.
The carrier generation in iodine doped films is shown to result from a bulk process, possibly involving collisions between singlet excitons and acceptor-hole complexes resulting in activation out of the bound states formed by the charge-transfer complex.
The quenching of excitons in the immediate vicinity of the metal The present report is concerned with the photovoltaic effects of merocyanine thin films sandwiched between Ti0 2 and Au electrodes. The power conversion efficiency of these devices is strongly dependent on the thickness of the merocyanine film. We shall show that the efficiency can be increased by doping the films with electron acceptors yielding monochromatic power conversion efficienciess of 0.4%. We have also investigated the quenching of the dye excitation by the Au electrode by interposing thin layers of perylene between the Au and the merocyanine. By using perylene as a spacer, we were able to obtain quantum yields as high as 21% by preventing the quenching of the excited merocyanine molecules by the metal surface.
We also present a theoretical model of the photoconductive charge transport in the merocyanine where the charge separation is assumed to take place exclusively at the merocyanine/Ti0 2 interface. , .
II. Experimental o
The thickness of the merocyanine film was varied from 200 to 3000 A o and the thickness of the gold film was 200 A. The details of the fabrication are described in the previous article.
Only monochromatic light was used for the photovoltaic measurements.
The light intensity was varied by using neutral density filters in front of the light source which was a 450 W Xenon lamp in conjunction with a Bausch and Lomb h~gh intensity monochromator. The band width was 6 nm. The Angstrom-thick films. This relationship can be explained using a simple physical picture involving traps and recombination centers (1) . As the light intensity is increased, the quasi-fermi level sweeps through trapping states located between the fermi level and the valence band and converts them to recombination centers. As the light intensity is increased, more and more of the trapping states are converted to recombination centers. As the density of the recombination states increases, the life-time of the charge carriers decreases. This would result in a sublinear dependence of the photocurrent of the light intensity. For very thin films, the field across the dye layer is larger and charge separation consequently more efficient, less influenced by traps and recombination centers. 2. Photovoltage-Photocurrent Characteristics. The sign of the photovoltage of the Au-merocyanine-Ti0 2 cells is such that the Ti0 2 is always negative. Fig. 3 shows the current~voltage characteristics of a cell with a 500 Angstrom thick dye film in the photovoltaic mode. The curve is obtained by varying the load resistance at a constant light intensity. The wavelength of the irradiation is 520 nm. The maximum power t.hat can be extracted from a photovoltaic device is at the point for which the largest rectangle can be inscribed into the current voltage curve. The maximum power output from this particular cell occurs with a load resis~ance of about 5 x 10 6 ohms and is about 5 x 10-9 W. The incident light power on the active cell area is about 5 x 10-6 W, corrected for the O. O. of the Ti0 2 crystal. The power conversion efficiency at this light level is therefore about 0.1%.
The fill factor is defined as the ratio of maximum output power to the product of Voc and J sc and gives a measure of how close the cell is to an ideal solar cell. The fill factor for this cell is 0.35 compared to 0.75 -0.8 for Si and GaAs solar cells (3) . The low fill factor is probably due to two separate effects. High series resistance will lower the fill factor by lowering the output voltage for a given "output current (4) . In addition, the field dependence of the photocurrent would lead to a lowering of the output current for a given output voltage, since the photovo1tage would work against the built-in charge separating field. At low quantum yields, the second effect is probably dominant (5). III umination through the gold generates peaks in the action spectrum at wavelengths on the shoulders of the absorption spectrum. In addition, the quantum,yield is more than two orders of magnitude less than with illumination through the Ti0 2 • The polarity of the cell is the same regardless of which side is being illuminated. Such photocurrent action spectra where the action spectrum agrees with the absorption spectrum for light incident only through one electrode and with a local minimum near the peak of absorption for light incident through the opposite electrode, have been observed for a number of organic systems (5, 8, 9, 10, 11) . This effect is not seen for very thin films where the absorption is essentially uniform throughout the dye layer. Fig. 6 shows the absorption spectrum and the action spectrum with light incident on the Au as well as the action spectrum with light incident on the Ti0 2 for a cell with a 100 Angstrom thick merocyanine film. As can be seen, they both essentially match the absorption spectrum of the merocyanine film. The absorbance was about 0.1 at the peak of the spectrum.
These results are in accord with a theory of the photoconductivity process, which will be elabcrated below, where the photovoltaic activity is a surface effect. The photoconductivity is assumed to result from singlet excitons diffusing to the merocyanine/Ti0 2 interface where they dissociate into electron-hole pairs which separate in the electric field across the dye layer in competition with geminate recombination. Only those excitons which migrate to the merocyanine/Ti0 2 interface contribute to the photocurrent.
For light incident on the Au electrode, the higher the absorption constant the closer to the metal surface the excitons will be generated on the average where the quenching of the excitation is very efficient. For light with lower absorption constant, away from the peak of absorption, the excitons will be on the average generated closer to the merocyanine/Ti0 2 interface where the charge separation takes place~ and consequently a larger photocurrent results. A weak photovoltaic response is also seen for wavelengths of weak absorption, because the penetrating light is not effective.
c. Photoconductivity of Merocyanines 1. Theory of Exciton Transport. In most inorganic semi-conductors, the generation of photocarriers is a simple process whereby the absorbed photon with energy greater than the band gap excites an electron-hole pair directly. In molecular solids, the generation is more complex. In general, the photoconduction action spectrum is identical to the absorption spectrum.
The absorption spectra of organic molecular solids can be understood in terms of Frenkel excitons which are described in the tight binding approximation {12}.
The size of the Frenkel exciton is comparable to lattice constants and it is expected to have low mobility.-This is what one typically finds in molecular solids where the mO&ility is usually less than 1 cm 2 _V-1 _sec-1 • Because they are localized, they also interact with molecular vibrations as well ,as lattice vibrations. The original exciton can produce charge carriers r'-,~ via several mechanisms (13) . The possible mechanisms include exciton-exciton interactions, interaction of excitons with free and trapped charges and defect states, and exciton-surface processes. We have found that the merocyanine photoconductivity data can best be explained by the theory of exciton-surface processes whereby only excitons reaching the merocyanine~ Ti0 2 interface contribute to the photocurrent. In this section we briefly review the theory of exciton surface processes. Experimental results supporting this theory will be presented below.
Excitons can diffuse to the surface and dissociate upon collision with adsorbed oxygen, impurities, defects, and/or electrodes. The photocurrent resulting from the exciton dissociation will be linear in light intensity, since the process is monomolecular in nature. An analysis of exciton diffusion and surface interaction was carried out by Stekette and de Jonge (14) and by Mulder (15) for anthracene crystals and by Ghosh and Feng (5) for merocyanine.
One can obtain a quantitative relationship between the steady state photocurrent and the absorption coefficient by calculating the probability of an exciton reaching the surface by diffusion. It is assumed that the exciton has a certain mean lifetime (due to fluorescence and non-radiative transitions) and that its motion can be described as a free diffusion process. The exciton transport can then be described by the diffusion equation which in this system is essentially one-dimensional with these boundary conditions, we obtain (14) n(x)
where L = lOT is the diffusion length of the exciton.
The details of the interaction between the excitons and the surface electrode determines whether the exciton dissociation at the surface will lead to charge separation and a photocurrent. At the charge separating electrode, we assume that the photocurrent is directly proportional to the exciton flux at the surface, i.e. the qu~ntum efficiency for charge generation is assumed constant, 3.7.3 where the proportionality constant A depends on the natul~e of the electrode. 8 shows the dependence of the photocurrent on an applied electric field. The cell is reverse biased, i.e. a positive potential is applied to the Ti0 2 • The dark current has been subtracted from the total current. The curve exhibits a knee followed by a sharp increased at about 0.75 volts for this particular sample with a 500 Angstrom thick dye film. The voltage of the transition increases for increasing film thickness. The photocurrent at r·· the knee corresponds to a quantum yield of about 15% where the quantum yield is defined as the number of charges generated per photon absorbed by the merocyanine film. With 1 volt or more applied bias, the quantum yield increases to more than 100%. The sudden increase in photocurrent must therefore be due to secondary charges injected by the electrodes. For thicker films a larger applied voltage would be required to produce the same internal electric field.
Our data supports the theory that only excitons that reach the merocyanine/Ti0 2 interface produce free charge carriers. The absence of charge generation at the merocyanine/Au interface can be the result of a combination of two different processes. Excited dye molecules in the immediate vicinity of a metal surface can be quenched very effectively via radiative and non-radiative interaction with the metal (16) (17) (18) (19) . Secondly, the excitons which do dissociate will be lost to geminate recombination, since the dissociation would not be at the surface itself but removed a certain distance corresponding to the effectiveness of the quenching (19) . The original work on doping with electron acceptors used a surface cell technique whereby the conductivity of a two-layer system with a layer of the acceptor species deposited on top of the material to be investigated, was measured along the film (22) (23) (24) (25) . There was no attempt made to determine whether the acceptor species diffused into the substrate or whether the effect was purely a surface effect.
2. ,Experimental. Because of the high vapor pressure of iodine, its use in high vacuum necessitates the deposition on cooled substrates. Iodine films deposited onto room tempera-ture substrates come off under high vacuum in a matter of a few minutes. Since iodine doping of dye films is a reversible reaction--the iodine can be completely removed by pumping in vacuum--it becomes necessary to cool the dye film to prevent the iodine from escaping while the cell is being prepared.
The best results to date have been achieved with the following technique: Prior to the sublimation of the iodine, the Ti0 2 crystal is exposed to iodine vapor at room temperature and atmospheric pressure for about fifteen minutes. This leaves a visibly brown film on the surface. The crystal is then quickly cooled to liquid nitrogen temperature with the substrate cooling system as the vacuum is being pumped down to prevent moisture in the air from condensing on the surface. The brown iodine film will remain on the surface in a vacuum of 10-5 torr for as long as is necessary to prepare the cell. The merocyanine is then sublimed on top of the iodine film at a rate of about 2 Angstroms per second from a crucible held at approximately 220°C. The substrate could then be heated to room temperature followed by deposition of the Au film or heated after the Au film was deposited. Standard photovoltaic measurements were then made on the cell. The cell was subsequently placed in vacuum and heated to 60 D C for thirty minutes followed by photovoltaic measurements. This was repeated several times until a maximum value was reached for the photovoltaic response. The idea was to use the increased diffusivity of iodine at elevated temperatures to attempt to diffuse the 12 throughout the dye film. We decided to investigate this quenching effect on the merocyanine film by introducing a spacer of various thicknesses between the merocyanine and the Au electrode. The spacer would have to be a hole conductor for the photo-generated hole carriers in the merocyanine film. Perylene was chosen because it is known to be a p-type conductor with an ionization energy of 5.33 eV (27) . which is sufficiently less than the ionization energy of the merocyanine-which is in the range 5.6 -5.8 eV (28) . A model of the energy level diagram can then be schematically represented as in Fig. 13 . In order to determine the charge separating properties of the perylene-merocyanine interface, we compared the action spectrum of a cell having a 1000 Angstrom perylene film between a 2000 Angstrom merocyanine film and the Au electrode with a similar cell without the perylene but with the same thickness of the merocyanine. With an absorbance of 2.0 and an exciton diffusion length of less than 100 Angstroms, the charge carrier generation will be that due to exciton dissociation at the perylene-merocyanine interface. Fig. 15 shows the action spectra for the two cells recorded with light incident on the Au surface. Although the action spectra are similar in shape, the local minimum near the peak of the absorption as well as the peaks on the shoulders are less pronounced in the cell with perylene. The local minimum was attributed to a quenching of the excitation near the Au-merocyanine interface. The quenching effect remaining at the perylene-merocyanine interface is probably due to the lack of an electric field at the interface strong eiwugh to substantially overcome the coulombic forces resulting in geminate recombination. This effect appears to be independent of the ability of the interface to transmit photo produced holes from the merocyanine phase.
This could have important implications for the concept of extending the absorption range of organic systems by employing multilayers of dye films.
Unless by doping and other methods one is able to initiate charge separation in the bulk of the dye phase, the interfaces between the layers may well be too inefficient to serve that purpose. Dye mixing as well as doping may turn out to be te more fruitful approach.
IV. Discussion
The experimental results presented in the preceding sections suggest that there are ways to utilize in photoelectric devices very thin films of organic pigments having a high electron transfer efficiency.
From the correspondence between the absorption spectra and the spectral response of photoconduction, it is concluded that the primary step is the The charge carrier generation is presumed to result from a competition between the electric field at the interface and the coulombic attraction betw~en the electron and the hole. The mechanism, we believe, is therefore the one described by Onsager's theory of geminate recombination adapted to the present one-dimensional system. The Au-merocyanine interface is ineffective for charge carrier generation due to a quenching of the excitons in the immediate vicinity of the metal surface and possibly a reduced internal electric field near the interface.
If the semiconductor substrate is to be used as a separate absorber generating mobile charges by intrinsic excitation, the dark conductivity of the dye phase must be increased to semlconductor conductivities in order to generate a depletion region in the semiconductor. This can be achieved by introducing the concepts of doping and charge transfer complexes. Our experiments with doping of the merocyanine with iodine shows that in addition to this effect, the photoconductivity of the merocyanine was increased as well. The accompanying increasse in photovoltage is probably a result of larger photocurrent. Increases in photocurrent generation by as much as five-fold relative to the undoped cells were recorded.
The doping with iodine had the potential for both enhancing the conductivity of the films by introducing partial charge transfer or mixed valence states and for providing favorable surface state band bending which could lead to higher output voltage. The concept of partial charge transfer has been used to explain doping effects in molecular conductors (24, 25, (30) (31) (32) and in conductive polymers (33, 34) . Raman studies of iodine doped polyacetylene (33) and phthalocyanines (25) have identified the presence of Despite the preliminary nature of these experiments, it is clear that increases in efficiency of at least five-fold can readily be obtained. It is hoped that a better understanding of donor-acceptor complexes and other dopants could result in even higher potential efficiency increases.
Very thin films would be expected to be the most efficient for charge injection both because of the limitations on the exciton diffusion length in the case of the undoped films, and the increase in the electric field strength due to the built-in voltage. For films of a few hundred Angstroms, however, the excitation is partially quenched by the interaction with the metal surface. The interaction takes the form of non-radiative energy transfer to the metal for short distances. The states which accept the energy are the surface plasmons of the metal-dielectric interface (19, 35) . The long-term stability under ambient atmospehric conditions is an important problem which has to be addressed with constructing devices based on organic solids. Our research has not been concerned with long-term stability beyond two to three days, although the merocyanine films did degrade over such a period. Careful encapsulation as well as employment of polymerized compounds may be able to produce devices with the necessary longevity.
Our research to date shows that there are ways to utilize the optoelectronic properties of very thin organic films with a high pl~obability for charge generation. It seems likely, therefore, that the low yields achieved to date for organic photovoltaic systems may be more due to device limitations than limitations intrinsic to organic materials as a class. o -Short-circuit photocurrent with light incident through the TiO. The thickness of the merocyanine film was 100 angstro~s. The two photocurrent action spectra were normalized to incident photon flux. 
